For two consecutive growing seasons (2017 and 2018), three different fungicide spray programs, each with five sprays from unrelated chemical groups, were evaluated for their effectiveness against apple scab (causal agent: Venturia inaequalis) in an experimental trial in Greece. The targeted application programs consisted of five sprays with protective and systemic fungicides from unrelated chemical groups, in alternation. The applications were started at the pink bud stage (a copper-based fungicide had previously been applied at the green bud stage) and completed at the second fruit fall to arrest the primary infections by ascospores. These five-spray programs were compared to the standard farmer practice (12 sprays per season), whereas untreated plots were used as controls. The timing of the applications was based: a) on the critical growth stage of the crop, and b) on the risk analysis for infection calculated by the software Field Climate, which incorporated meteorological data from the trial site. All the five-spray programs were of very high efficacy against apple scab, showing disease severity ratings on leaves and fruits below 1.88%. In both years, in the untreated control, the disease incidence and severity on leaves ranged from 96.5% to 99.3% and from 65.2% to 75.93%, respectively. The five-spray programs showed similar efficacy to the standard 12-application program in all cases. From the results, it becomes apparent that apple scab can be controlled effectively by five targeted applications with selected fungicides at critical growth stages of the crop.
Introduction
Apple scab, caused by Venturia inaequalis (Cooke) G. Wint., is the most important apple disease, causing economic losses in many apple production areas. The disease is more severe in regions like the Mediterranean in which frequent rainfall during spring results in ascospore release and infection [1] . Many scab control programs in the United States, Canada and Australia are aiming to protect trees against primary infections through repeated application of fungicides [2] [3] [4] . Due to the polycyclic nature of the disease, more than 12 fungicide treatments may take place each season to control apple scab [5] . However, with the high level of public concern about the possible side effects of pesticides on health and the environment, such practices have become less acceptable [6] . Certain disease control strategies have shown that the number of treatments could be reduced to seven applications per season using systemic fungicides when there is an increased infection risk [7] . However, these practices are outdated and no longer recommended due to resistance developed by the pathogen [1] .
Current trends in agriculture demand the reduction of fungicide use to the minimal level needed for disease control, whilst more emphasis is given to alternative pathogen control strategies with products that induce resistance [8] . Modern integrated disease control strategies with a combination of fungicides and systemic resistance-inducing products may be useful in the management of apple scab. Furthermore, several simulation models based on Mills' periods [9] can serve as decision support systems for effective targeted applications against primary infections by calculating the duration of leaf wetness and ascospore maturation [6, 10] .
The application of fungicides remains the primary tool to achieve superior control against apple scab. Spray programs may include protectant fungicides with multisite activity, which affect primarily spore germination, such as dithianon (quinone class), captan (phthalimide class) and Bordeaux mixture (copper-based), or systemic fungicides, which are absorbed by the plant and affect fungal growth, such as dodine (guanidine class), difenoconazole (demethylation inhibitor group; DMIs), pyraclostrobin (quinone-outside inhibitors; QoIs) and the anilinopyrimidine cyprodinil [11] . However, among all fungicides used against apple scab, a complete loss of efficacy in practice has been observed only in the case of the QoIs [12] [13] [14] . A recent survey in major apple growing areas in Greece, including the area of the trial site, revealed for the first time the occurrence of V. inaequalis strains with differential multi-drug resistance to the fungicides pyraclostrobin, dodine, difenoconazole, boscalid and cyprodinil [15] .
Certain markets, including an increasing number of supermarket chains, demand a product with limited pesticide residues. In Greece, the standard practice against apple scab includes a minimum of 12 applications with 5-8 day intervals because the producers adopt a zero-tolerance policy towards apple scab on fruit [8] . To reduce the number of applications, weather-based forecasting systems may assist growers to control apple scab more efficiently by predicting the infection risk periods. However, only a few take into account the critical growth stages of the crop [6] . Furthermore, many growers are still relying on DMI and QoI classes of systemic fungicides despite the occurrence of practical resistance in the field after many years of use [4, 16] . Therefore, the present work was undertaken: (i) to assess the efficacy and timing of different spray programs with optimum use of fungicides at key phenological stages of the crop, and (ii) to evaluate the effectiveness of targeted spray applications compared to the standard farmer practice against apple scab. In the present assay, the potential to control apple scab by applying a limited number of fungicides at key stages of the crop is investigated. The decision on the exact timing of applications is supported by a simulation model.
Materials and Methods

Experimental Design
The two-year trial (2017 and 2018) was performed in an apple orchard (cv. Pink Lady) located at the Department of Deciduous Fruit Trees Experimental Site, Department of Deciduous Fruit Trees, Institute of Plant Breeding and Genetic Resources, Greece (40.62 N, 22.12 E). The site was selected because there were outbreaks of the disease every year.
The trees were planted in 2010 and trained under the tall spindle system to an average height of 3.2 m. The soil was a sandy loam containing 3.2% organic matter with a pH of 7.1. Weeds were controlled mechanically using a mower. The trees were not irrigated nor fertilized during the two-year trial. A minimal insecticide program based on the insecticides spirotetramat (Movento Gold 100 SC, Bayer) and chlorantraniliprole (Coragen 20 SC, DuPont) was applied once in mid-May. Air temperature ( • C), leaf wetness duration (hours), and rainfall (millimeters) were recorded hourly by an electronic weather station (iMETOS IMT 300; Pessl Instruments) located at the edge of the orchard, linked to the cloud-based software Field Climate (build 0.13) for disease risk prediction.
The trials were organized in a randomized complete block design with four replications, according to the European and Mediterranean Plant Protection Organization's (EPPO) methods [17] . Each plot consisted of 5 trees, spaced 1.5 m apart, within rows that were 3 m apart.
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Fungicide Programs
Three different programs of fungicide sprays with protectant and systemic fungicides (Programs 1-3, Table 1 ) were applied at key phenological stages of the crop [18] . These reduced-spray programs were compared to a program of conventional applications of fungicides simulating the standard farmer practice (Program 4, extensive applications) and an untreated control (sprayed with water). The interval between treatments for Program 4 and the untreated control (water sprays) was 5-8 days. All sprays were applied with a motorized backpack sprayer (SP 126, Oleo-Mac) equipped with an adjustable nozzle (S0112000R) with diameter 1.4 mm at 1000 L ha -1 by thoroughly wetting the trees. To minimize the effects of neighboring treatments, the assessments were performed on the three central trees of each plot. At the green bud stage (BBCH 56), Bordeaux mixture (Cuprofix disperss 20 WG; UPL) was applied on all treated plots. 
Decision Criteria for Fungicide Use
The decision of the exact time for applications was supported by Field Climate software. The intervals between sprays for Programs 1-3 were determined at 7-12 days, commencing at the pink bud stage and based on the following criteria: (i) if good weather and no risk of infections were expected (Figure 1 ), the applications were delayed until the 12th day of the interval; (ii) if rain was expected or there was an increased risk of infections, the applications were performed earlier (before the rain event) and within the interval of 7-12 days; (iii) the sprays were targeted at critical growth stages (such as petal fall, Table 1 ) to cover the early spring growth. and 2018 (92.63%) growing seasons ( Table 2 ). All fruits were severely infected (score of 2 on the scale) by apple scab. 
Disease Incidence and Severity on Leaves and Fruits
The disease incidence and severity were recorded every three weeks by counting the number of infected leaves on young shoots and rosettes and visually estimating their percentage diseased area. The sample size comprised of 200 leaves per plot according to EPPO methods [17] . At the last assessment in mid-June, the area under the scab progress curve (AUSPC) was calculated based on the formula:
where t is the time of each assessment; y is the percent disease severity at each assessment, and n is the number of assessments. The disease severity (S) on 100 fruits was evaluated using the Townsend-Heuberger's formula [19] :
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where n is the degree of infection according to the scale: 0 = no attack, 1 = 1-3 spots per fruit, 2 = >3 spots per fruit; v is the number of fruits per category; V is the total number of fruits screened, and N is the highest degree of infection. The final assessment of disease incidence and severity on leaves and fruits was made four weeks after the last fungicide application. Four assessments were made in total.
Statistical Analysis
Data were analyzed by ANOVA and Tukey's honestly significant difference (HSD) test. To meet the assumptions of ANOVA, percentage and count values were logarithmically transformed to base 10. p-values ≤ 0.05 were considered significant. Statistical analysis and calculation of AUSPC values were carried out with ARM software (Revision 15958, Gylling Data Management, Brookings, SD, USA).
Results
Disease Progress
During the experimental periods in 2017 and 2018, environmental factors were favorable for the development of infections with average daily temperatures ranging from 8.9 to 24.4 • C and from 7.4 to 23.7 • C, respectively (Figure 1a,b ). The first symptoms appeared in the first week of April, prior to flowering. In the spring of 2017, the prolonged leaf wetness favored leaf infections and disease progress (Figure 2 Table 2 ). The severe infections in untreated plots resulted in severe defoliation of the trees in late summer. On fruits, there was little difference in the degree of scab severity between the 2017 (95.5%) and 2018 (92.63%) growing seasons ( Table 2 ). All fruits were severely infected (score of 2 on the scale) by apple scab. 
Evaluation of the Spray Programs
All the reduced-spray programs provided excellent control of primary infections of scab. In both seasons, all the targeted spray programs were of very high efficacy, limiting the scab infections to very low levels. There were no significant differences in the control of the disease among the three different reduced-spray programs ( Table 2 ). In the 2017 season, the disease incidence and severity on leaves ranged from 0.8% to 2.8% (p = 0.1799) and from 1.03% to 1.34% (p = 0.8125), respectively. In 1 The data refer to the last assessment, which was made 4 weeks after the last application; 2 the area under the scab progress curve consists of a quantitative summary of the disease severity on leaves; 3 mean values including standard errors of means; 4 means followed by the same letter do not significantly differ (p ≤ 0.05, Tukey's honestly significant difference (HSD)).
All the reduced-spray programs provided excellent control of primary infections of scab. In both seasons, all the targeted spray programs were of very high efficacy, limiting the scab infections to very low levels. There were no significant differences in the control of the disease among the three different reduced-spray programs ( Table 2 ). In the 2017 season, the disease incidence and severity on leaves ranged from 0.8% to 2.8% (p = 0.1799) and from 1.03% to 1.34% (p = 0.8125), respectively. In the 2018 season, the corresponding values ranged from 0.5% to 1.5% (p = 0.4047) and from 0.63% to 0.92% (p = 0.3029). The disease severity on fruits was also very low, ranging from 0.77% to 1.88% (p = 0.1514-0.2628) in both seasons (Table 2 ). Compared to the standard farmer practice (P4), the reduced-spray programs showed similar efficacy. The AUSPC values of the treated plots were significantly lower compared to the untreated control (p = 0.0001), ranging from 33.95 to 48.67 (p = 0.4333) in the 2017 season and from 27.65 to 37.09 in the 2018 season (p = 0.4745), respectively ( Table 2 ).
Discussion
In the present assay, it has been demonstrated that five fundamental applications with commonly used fungicides, at key phenological stages of the crop, were able to reduce apple infections to commercially acceptable levels. The value of the key-stage strategy and the danger of adopting a curative approach with the post-infection application of a systemic fungicide has been previously demonstrated [6] . To achieve maximum efficacy of the fungicides, treatments were aimed to control primary infections before the favorable conditions for infection occurred. One of the criteria for selecting the fungicides used in this study was the similarity to standard farmer practice. Protectant fungicides, such as dithianon and captan, were used either early in the season when there were only a few leaves present on the trees or when the infection risk generated by the simulation model was high [20] . Such applications, as employed in this study, protected the trees efficiently when the weather was dry (2018 season). One disadvantage of the protective fungicides is that they wash off from the leaf surface with just a few millimeters of rain. Recent studies have shown that captan and mancozeb can be washed off by as little as 1 mm of rain, although a certain proportion is likely to bind to the plant surface very tightly and hence may not be readily removed by rain [21, 22] . In the 2017 season, approximately 40 mm of precipitation was recorded on May 15-18 after the application of captan. To efficiently protect the plants, an application with curative fungicide took place immediately after the rain events. The curative effect may last for 2-4 days with dodine, anilinopyrimidines and DMIs [23] [24] [25] .
Dithianon, with its multisite activity, remains a valuable tool against apple scab, despite the fact that it has been used in practice for over 50 years [26] . Field experiments with new formulations of dithianon showed that up to 40 mm of rain are required to wash off the fungicide from the leaf surface [27] . Therefore, dithianon plays a major part in the development of control programs, especially Agronomy 2020, 10, 217 7 of 9 in cases where rain events are expected. In some cases, it can be even applied shortly after light rain events as recent studies have shown that it has high activity 12 h after the beginning of scab infection [25] . Recently, it was formulated in a mixture with potassium phosphonates as Delan Pro to induce the plant's defense mechanisms against apple scab. In the present study, Delan Pro (P2) showed comparable efficacy to Delan (P1) when applied at the pink bud stage, despite the fact that it contained much less active ingredient (12.5%). However, in order to enhance the defense mechanisms of the plants, the application should be repeated several times [8] . With this approach, Delan Pro can replace captan or other protectant fungicides in programs against apple scab.
Cyprodinil was selected to cover the sensitive stages of bloom to small fruitlet (10 mm size) in which rapid plant growth is observed [28] . Anilinopyrimidines, as systemic fungicides, are translocated in the apoplast of leaves, which results in the inhibition of later stages of pathogenesis, such as intercellular growth of the mycelium [29] . An anilinopyrimidine application on critical growth stages is highly recommended to protect the plant from additional infections (latent) with Botrytis and Monilia. Fludioxonil has recently been registered as a mixture with cyprodinil against apple scab and is a vital tool against fungicide resistance [30] . The mixture of fludioxonil plus cyprodinil in Program P2 provided similar disease control to cyprodinil when it was applied solo (Programs P1 and P3). Similarly, an application with the demethylation inhibitor difenoconazole was made in May, not just to prevent scab infections, but also because it additionally provides excellent control of powdery mildew-the next most important apple disease in Greece.
Dodine, as a local systemic fungicide, was selected to cover the sensitive stage of petal fall (P2) but it was also applied at the pink bud stage in Program P3. The combination of fungicides in Program P3 was found to be slightly more efficient than Programs P1 and P2. The inclusion of dodine in spray programs is important since there is a low risk of resistance development by V. inaequalis. Furthermore, the new formulation of dodine is not associated with fruit russeting, an issue commonly observed after applications with previous formulations of the fungicide [12] . The limitation of the use of the systemic fungicides cyprodinil, dodine and difenoconazole is highly recommended because of the resistance developed by the pathogen [16] . A recent survey in major apple growing areas in Greece, including the area of the trial site, revealed the occurrence of strains of V. inaequalis moderately resistant to the fungicides dodine, difenoconazole and cyprodinil, and highly resistant to QoIs [15] . However, our results demonstrate that those strains were efficiently controlled by the targeted spray programs when fungicides were applied at the full recommended rates.
Numerous simulation models, such as RIMpro and Adem, are currently available for assessing V. inaequalis primary infection risks [6, 31] . The inclusion of a simulation model to assist in spray decisions enabled better timing of sprays in Programs P1, P2 and P3 compared to the standard farmer practice (P4), resulting in a similar scab control with fewer sprays despite the favorable weather for scab. This approach has shown that the fungicide use can be reduced by more than 50% compared to the typical farmer's program. The weather was drier in the 2018 period, but high disease severity ratings were recorded in control trees most probably because the site had a historical background of severe infections. In humid areas, the fruits should be inspected for late summer infections (pin-point scab), and if necessary extra spray applications should take place. It has been reported that certain sanitary practices such as leaf shredding, using urea fertilizer in autumn and summer pruning may contribute to scab control [32, 33] . It is a common practice to remove the new plant growth during the apple thinning in the late spring-summer period, which is likely to be a source of inoculum. Furthermore, the spindle training system provides good aeration, which substantially decreases the leaf wetness period. Previous studies have shown that heavy pruning may reduce the apple scab progress on susceptible cultivars because it can alter the in-canopy microclimate and improve fungicide deposition [34] .
Conclusions
It was shown that appropriate selection and timing of fungicide sprays is fundamental for apple scab control. Five targeted applications at key phenological stages of the crop were able to reduce
